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Abstract 


Use of luminescent paints for the measurement of global pressures on wind 
tunnel model surfaces requires a full understanding of the inherent accuracy of the 
technique. Theoretical emission of the paint luminophor follows the well known 
Stem-Volmer relation. Inherent in this relation are fundamental limits to achievable 
sensitivity and accuracy. Equations for relative error in pressure as a function of rel- 
ative signal intensity (emittance), relative error in pressure as a function of pressure , 
and the relationship between sensitivity and pressure are derived and represented 
graphically. 


Introduction 

Measurement of surface pressures is very important 
in fluid mechanics because surface pressures are used in 
airplane design and in aircraft performance calculations. 
The conventional technique of measuring pressure by 
using holes drilled in wind tunnel models makes model 
fabrication both tedious and expensive. Recently Morris 
et al. have demonstrated a technique of applying lumi- 
nescent paint on a model surface and computing surface 
pressures from the measurements of light emission from 
the painted surface (refs. 1 and 2). A general account of 
this technique is given by Crites (ref. 3). The technique is 
based on the fact that the fluorescence or phosphores- 
cence of many luminophors is quenched by oxygen. As 
the oxygen partial pressure increases the luminescent 
intensity of the paint decreases. 

It has been found that the luminescence of pressure 
sensitive paint (PSP) is governed by the well known 
Stem-Volmer relation (see ref. 3) given by 


For air pressure, the Stem-Volmer relation may be 
expressed as 

7 0 

7=1 +KP (1) 

In using pressure sensitive paint for pressure mea- 
surements, it is important to minimize measurement 
uncertainties by optimizing the measured signal (light 
intensity) and the sensitivity of the paint. There are limi- 
tations inherent in the Stem-Volmer relation that must be 
considered. 

Sajben presents a detailed study of factors that influ- 
ence accuracy of PSP measurements (ref. 4). He consid- 
ered the effect on error in PSP measurements of variables 
such as measurement of luminescent intensity, reference 
light intensity, surface temperature, and inherent uncer- 
tainties associated with the Stem-Volmer relation. His 


generalized treatment incorporates these measurement 
uncertainties by using terms designated as influence 
coefficients <[> n . He then considers the effect of wind tun- 
nel conditions on these influence coefficients. The treat- 
ment reported herein is simplified and only the 
uncertainty inherent in using the Stem-Volmer relation 
for data reduction with a given uncertainty in the lumi- 
nescent measurement is considered. 

The experimental parameter that directly relates to 
the uncertainty in measuring pressure is the uncertainty 
in measuring the light emitted by the paint. For a typical 
8-bit, standard grade charge-coupled device (CCD) video 
camera with a 10-sec integration time, the uncertainty in 
measuring a constant light source is about 0.5 percent. 
For a 16-bit scientific grade camera, the uncertainty 
could be less than 0.1 percent. A 0.5-percent uncertainty 
of measured emittance E was chosen to illustrate the rela- 
tionships derived in this paper. 

Nomenclature 

CCD charge-coupled device 

E emittance, IIIq 

I emission intensity at pressure P 

Iq emission intensity at zero oxygen partial 

pressure 

7j emission intensity at some wind tunnel refer- 

ence pressure (wind off) 

I 2 emission intensity during wind tunnel run 

conditions (wind on) 

K Stem-Volmer constant for air (0.209A" SV , the 

true Stem-Volmer constant) 

AT SV Stem-Volmer constant 

P air pressure (assumes constant partial pressure 

of oxygen) 

P Q partial pressure of oxygen 

PSP pressure sensitive paint 

S sensitivity, dE/dP 



A E uncertainty in measured emittance 

A P difference in pressure 

e relative error in pressure, dP/P 

<j) n influence coefficients 

Dependence of Relative Error in Pressure on 
Signal Intensity 

A wind tunnel pressure value is determined by mea- 
suring the intensity of light emitted from the PSP on the 
model surface. It is obvious that the relative error in 
determining the pressure will be greater for very weak 
signals or very intense signals. However, the exact rela- 
tionship between signal intensity and relative error in the 
resulting pressure value is inherent in the Stem-Volmer 
relation. 



E 


Figure 1 . Relative error in pressure as a function of emittance for 
constant error in emittance of 0.5 percent. 


In a manner similar to the definition of transmit- 
tance, emittance E is defined as 

E = f (2) 

y o 


In terms of E, equation (1) can be written as 


E = ( 1 + KP) -1 

( 3 ) 

Differentiating E with respect to P, 


— = -(1 +KP)~ 2 K 
dP y 

( 4 ) 


Because the relative error in a pressure value caused 
by an error in measuring emittance is a concern, equa- 
tion (4) can be divided by P to give 


K = 0.5 

K = 0.1 


K = 0 : 05 



dp _ _ (i + kp ) 2 . 
P KP 


( 5 ) 


Figure 2. Relative error in pressure as a function of pressure for a 
constant error in emittance of 0.5 percent. 


For small finite errors in E and P, equation (5) can be 
written as 

AP = H±KP)^ ae (6) 

P KP 

Substituting equation (3) in equation (6) 

A P A E sj' 

T ~ (1 -E)E K 

As can be seen from equation (7), the relative error in 
pressure is a function of E and is independent of K. Fig- 
ure 1 shows the variation of relative error in pressure P/P 
as a function of emittance for a 0.5-percent error in inten- 
sity measurement. The lowest relative error occurs at an 
emittance of 0.5. However, relatively small errors occur 
in the emittance range of 0.2 to 0.8. 


Error in Pressure as a Function of Pressure 
and^T 

For a particular paint and a given uncertainty in mea- 
suring emittance, the uncertainty in the value of pressure 
is not the same at all pressures. Although there are 
numerous experimental fact ors that ca n lead to errors in 
pressure measurement, it is important to understand that 
there are also intrinsic limits inherent in the Stem- 
Volmer relation. 

Equation (6) gives the relative error in pressure mea- 
surement as a function of pressure for a fixed error, A E. 
Figure 2 shows plots of relative error in pressure as a 
function of pressure for several values of K. (A E = 0.005 
is used for all plots.) 
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Ideally, the error in pressure measurement should be 
minimized. Let relative error in pressure measurement £ 
be defined by 



Substituting equation (8) into equation (5) and differenti- 
ating it with respect to P , for small finite changes in E, 
we get 

de = (* 2 P 2 -1) A£ 

dP p2 K K) 

Error £ will be minimum when its derivative is zero. 
Equation (9) will be zero when 


K = 0.05 

----- K = 0.50 



KP = 1 

or error will be least when 

P = £ (10) 

From this equation we see that for a given value of K , 
there is only one pressure at which the relative error in 
pressure will be minimum. By substituting equation (10) 
into equation (6) and simplifying, it is apparent that the 
relative error at the pressure of minimum error is 


Sensitivity of the paint S can be defined as the ratio 
of change in output signal or emittance for a small 
change in pressure, or 


S = 


dE 

dP 


( 12 ) 


With this definition equation (4) can be written as 


S = 


K 

(1 + KP ) 2 


(13) 


y- = 4A E (11) 

Notice in figure 2 that error increases rapidly at pressures 
below the pressure of minimum error, but increases 
much more slowly at higher pressures. This pattern of 
increase means that the working range for a given paint 
(a given value of K) extends upward from the pressure of 
minimum error. For example, if air pressure measure- 
ments are made at atmospheric pressure or above, 
K (determined in air) should be about 0.07 psia -1 . 

Sensitivity Analysis 

Without considering other factors, one might look at 
figure 2 and be inclined to conclude that a small value of 
K gives the lowest relative error over the broadest pres- 
sure range and would therefore be desirable. However, 
typical emittance response curves for different values of 
K , shown in figure 3, show that for measurements at high 
pressures, better sensitivity can be achieved with larger 
values of K. To measure small variations in pressure, the 
change in luminescence in the paint should be high for a 
small pressure change P or dE/dP should be large. 


This equation can be written as an equation in K as 

(1 +KP) 2 S-K = 0 (14) 

For the solution of this equation for K to be real 

0< PS <0.25 (15) 

Figure 4 shows the variation of sensitivity of the 
paint S with pressure for three values of K. 

A logarithmic scale is used in figure 4 to more 
clearly show the relationship between S, K , and P over a 
wider range of pressure. From equation (13) we may see 
that at zero pressure S = K, which represents the limit of 
sensitivity for a given paint. Thus for any value of K , the 
greatest sensitivity is attained at lower pressures. How- 
ever, as we have shown, this greatest sensitivity at lower 
pressures does not necessarily give the lowest relative 
error in the pressure value. The optimum working pres- 
sure range for a given value of K is on each side of the 
point where the plot of S and P touches the limiting line 
of PS = 0.25. The pressure at which the sensitivity curve 
touches the boundary line corresponds to the pressure of 
minimum relative error in pressure. 
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Limiting line (PS = 0.25) 
K = 0.05 


K = 0.10 



the term /, the measured intensity, may be substituted for 
I 2 . Thus equation (19) may be expressed as 


where 


A+BP 


A = 
B = 


1 

l+KP { 

K 

\+KP x 


( 20 ) 

( 21 ) 

( 22 ) 


Based on the definition of E given in equation (2), E can 
now be expressed as 

/. 

E = y(A + BP) - 1 (23) 

7 0 


Stern- Volmer Relation in Wind Tunnel 
Measurements 

The I 0 in the Stem-Volmer relation represents the 
intensity of emission at oxygen partial pressure of zero. 
However, this pressure is not always practical in wind 
tunnel measurements. Instead of trying to achieve an 
oxygen partial pressure of zero, the intensity of emission 
at wind off /j is used and the pressure at wind off is con- 
sidered the reference pressure P\- In terms of the Stem- 
Volmer relation for air, this ratio takes the form of the 
Stem-Volmer relation for two pressures. 

7 0 

Wind off j- = 1 + KP X 
7 l 

7 0 

Wind on — = 1 + KP 2 

l 2 

Dividing equation (17) by equation (16) gives 

l x 1 + kp 2 

I 2 l+KP x 

This equation may be rearranged to give 

h. = 1 , £ P 

I 2 \+KP x 1 + KP X 2 

The terms K and P x are constants. The term P may be 
substituted for P 2 because P 2 * s variable pressure, and 


(16) 

(17) 

(18) 
(19) 


If this equation is treated as the classical Stern- Volmer 
relation, the results are equivalent and the plots given in 
figures 1 to 4 have the same shape. 

Figure 5 is based on equation (23) and shows a com- 
parison of the emittance and the pressure for two values 
of K when the wind off luminescence at 13 psia is used 
as the reference. Figure 5 shows more clearly than fig- 
ure 3 that the sensitivity in this pressure range is better 
for the smaller value of K than it is for the larger value of 
K. It should be pointed out that in a plot of /]// (as given 
by eq. (20)), for the two values of K the steeper slope will 
correspond to the larger value of K . This steeper slope 
should not be interpreted as meaning that the sensitivity 
is better for the larger value of K. The intensity values 
must be normalized to 7 0 before comparing sensitivities. 


- K = 0.05 (left y-axis) 
K = 0.50 (right y-axis) 



Figure 5. Emittance as a function of pressure for two values of K 
with a wind off intensity as reference intensity. 
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Concluding Remarks 

Emittance is a measure of the relative light output of 
the pressure sensitive paint luminophor; it is not a mea- 
sure of the absolute emission intensity. The magnitude of 
emission intensity at oxygen partial pressure of zero is a 
measure of the output of the luminophor and is related to 
the quantum efficiency of the luminescence process. One 
could be working in the optimum range of emittance 
(0.2-0.8), but have a signal intensity so weak that the 
noise would cause significant error. In other words, emit- 
tance is a relative term and indicates nothing about the 
signal-to-noise ratio and its effect on relative error. Hav- 
ing a high value of emission intensity at oxygen partial 
pressure of zero assures a good signal-to-noise ratio. 

When considering the optimum pressure range for a 
paint with a given value for the Stem-Volmer constant, 
the value for total pressure in the tunnel should corre- 
spond to the pressure of minimum error. Model surface 
pressures are measured as changes in pressure with 
respect to the total pressure. 

In practical applications, optimum experimental con- 
ditions should meet the following conditions: 

1. Measurements should be made where the total 
wind tunnel pressure will cause luminescence 
intensity values corresponding to emittance 
between 0.2 and 0.8. 


2. The Stem-Volmer constant should be as close to the 
inverse of the total air pressure as possible. In prac- 
tice it is very difficult to adjust the Stem-Volmer 
constant. Smaller values of the constant allow a 
broader working pressure range. However, sensi- 
tivity will be lower for smaller values of the con- 
stant than for larger values of the constant in their 
optimum pressure ranges. 


NASA Langley Research Center 
Hampton, VA 23681-0001 
May 24, 1995 
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